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Early immune responses accompanying human asymptomatic Ebola infections
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SUMMARY

In a recent study we identified certain asymptomatic individuals infected by Ebola virus (EBOV) who
mounted specific IgG and early and strong inflammatory responses. Here, we further characterized the
primary immune response to EBOV during the course of asymptomatic infection in humans.
Inflammatory responses occurred in temporal association with anti-inflammatory phase composed by
soluble antagonist IL-1RA, circulating TNF receptors, IL-10 and cortisol. At the end of the
inflammatory process, mRNA expression of T-cell cytokines (IL-2 and IL-4) and activation markers
(CD28, CD40L and CTLA4) was up-regulated, strongly suggesting T-cell activation. This T-cell
activation was followed by EBOV-specific IgG responses (mainly IgG3 ang IgG1), and by marked and
sustained up-regulation of IFNy, FasL and perforin mRNA expression, suggesting activation of
cytotoxic cells. The terminal down-regulation of these latter markers coincided with the release of the
apoptotic marker 41/7 NMP in blood and with the disappearance of viral RNA from PBMC, suggesting
that infected cells are eliminated by cytotoxic mechanisms. Finally, RT-PCR analysis of TCR-V(3
repertoire usage showed that TCR-VB12 mRNA was never expressed during the infection. Taken
together, these findings improve our understanding about immune response during human asymptomatic

Ebola infection, and throw new light on protection against Ebola virus.
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INTRODUCTION

Ebola virus (EBOV) belongs to the Filoviridae-family, and con-
sists of the Zaire, Sudan, Reston and Cote d’Ivoire subtypes [1].
EBOV possesses a non segmented negative-stranded RNA
genome, 19 kb in lenght, which codes for seven structural proteins:
nucleoprotein (NP), virion structural protein (VP) VP35, VP40,
glycoprotein (GP), VP30, VP24, and RNA-dependent RNA
polymerase (L) [2].

Serial data on the immune responses and pathogenesis of
human Ebola haemorrhagic fever (EHF) are difficult to obtain: the
most extensive studies are limited to IgM and IgG assays [3].
Experimental studies have shed some light on the pathogenesis on
the infection [4—6], but there are no data on cellular responses.
Given the inefficacy of passive immunization with immune
plasma in primates and humans, humoral responses alone are
unlikely to account for recovery or secondary protection [7,8].
In vitro and in vivo studies have shown that filoviruses can infect
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and propagate in macrophagic and endothelial cells [9-12].
During recent Ebola outbreaks in Gabon, we found that fatal
outcome was associated with a suboptimal humoral response, no
specific IgG production, and early activation of peripheral blood
mononuclear cells (PBMC), followed by extensive intravascular
apoptosis [13]. In contrast, survival was associated with early
emergence of specific humoral responses, and tightly regulated
activation of cytotoxic cells that coincided with clearance of viral
antigens from blood.

Recently, we identified several individuals with documented
close contact with symptomatic EHF patients who nonetheless
remained asymptomatic and mounted IgM and IgG responses to
the NP and VP40 EBOV proteins [14]. These asymptomatic
individuals were infected by EBOV at a low level over several
days. This first description of asymptomatic replicative Ebola
infection raised questions about the mechanism of protection. As
symptomatic and asymptomatic subjects were infected by the
same viral strain (as suggested by partial genotyping), the protec-
tive mechanism may have involved the transient and high
circulating levels of proinflammatory cytokines (IL-183, TNFa«,
IL-6, MCP and, MIP-1a/B) observed in asymptomatics early
during the infection (5—7 days after the first putative infectious
contact).
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In the present study, we investigated cellular immune responses
in seven asymptomatic individuals from 7 to 23 days after
exposure to the virus. We showed that individuals asymptomati-
cally infected with EBOV mounted a strong inflammatory
response in temporal association with a counteract anti-inflam-
matory one. This inflammatory process is then followed by a well
regulated T cell response leading to the generation of EBOV-
specific IgG1 and IgG3 subclasses responses and to marked and
sustained activation of cytotoxic cells involved in the elimination
of infected cells from peripheral cirulation. Absence of TCR-
VB 12 mRNA expression during the course of infection requires
further investigation to fully understand immune responses.

PATIENTS AND METHODS

Asymptomatic individuals

In a previous study, 7 of 24 exposed individuals were shown to be
clearly infected by EBOV [14]. These individuals were family
members of symptomatic patients who cared for them with no
physical protection such as gloves. They were directly exposed to
infected materials from fatal and non fatal cases such as faeces,
vomit, sweat and blood. These asymptomatic individuals were
sampled 2, 3 or 4 times after the first exposure to a sick patient.
Plasma was analysed in all 7 individuals, and RT-PCR was
performed on samples from 3 of them. All samples (collected 7, 9,
16 and 23 days after the initial exposure) were obtained, treated
and stored in exactly the same conditions.

Detection of EBOV-specific 1gG subclasses

We used an ELISA IgG assay, developed at CIRMF, in which
Ebo-Z antigens or lysates from normal cultured Vero E6 cells are
applied to the microtiter plates overnight at 4°C before washing
with phosphate buffer saline (PBS) containing 0-1% Tween 20.
The plates are saturated in PBS containing 3% bovine serum
albumin (BSA) for 2 h at room temperature. Sera are diluted
1 : 25 in PBS containing 0-1% Tween 20, and 100 nl of each
serum is dispensed in duplicate wells and left overnight at 4°C.
After washing, the plates are incubated with biotin-conjugated
mouse antibodies against human IgG subclasses (Sigma, 1'Isle
d’Abeau, France) for 2 h at room temperature. Binding is then
revealed with streptavidin-peroxidase, and the TMB detector system
is added (Dynex Technologies, Issy-les-Moulineaux, France).
Optical density is measured at 492 nm, on an ELISA plate reader
(Diagnostics Pasteur, Marnes la Coquette, France). The reagents
were kindly provided by the Special Pathogens Branch, CDC
(Atlanta, GA, USA). All specimens were handled according to
WHO guidelines on viral haemorrhagic fever agents in Africa
(Recommendations for management of viral haemorrhagic fevers
in Africa, in Workshop on Viral Haemorrhagic Fevers, Sierra
Leone, 1985).

Detection of EBOV RNA by RT-PCR

PBMC were separated from whole blood by Ficoll-diatrizoate
density gradient centrifugation. Total RNA was extracted with a
kit (Qiagen, Courtabceuf, France). The first-strand cDNA was
synthesized using the Superscript II kit (Gibco BRL, Eragny,
France), a dNTP mix (Amersham-Pharmacia Biotech, Orsay,
France), and random hexamer primers (Boehringer, Mannheim,
Germany). Half the reaction product was used as a template for
PCR with Taq DNA polymerase (Appligene-Oncor, Illkirch,
France) for 40 cycles (94°C for 30 s, 55°C for 30 s, and 72°C for

90 s). The reaction was run in a Perkin-Elmer 480 thermocycler
(Perkin Elmer, Rotkreuz, Switzerland) with primers designed
from a conserved region of the L gene, as described elsewhere
[15]. The amplification products were analysed on 1-5% agarose
gels. For nested PCR, 5 w1 of the first-round reaction product was
used as template, and the reaction was run in the same conditions
as first-round PCR. The 298-bp products from nested PCR were
also run in 1-5% agarose gel.

Detection of cytokines and soluble receptors in plasma

Plasma levels of IL-1RA, sIL6R, IL-12, IL-13, sTNFRI and,
STNFRII were measured with commercial kits (R & D Systems
Europe, Abingdon, UK). Plasma levels of IL-10 and IFNy were
each measured simultaneously with two different kits (IL-10:
Amersham-Pharmacia Biotech and Immunotech, Marseille,
France; IFNy: R & D Systems Europe and Immunotech). Plasma
levels of the other cytokines were measured by using a two-site
ELISA with specific capture and biotinylated antibodies against
IL-2 or IL-6 (Genzyme, Cergy-Saint Christophe, France), IL-4,
IL-5 or IL-10 (Pharmingen, CA, USA). To confirm the results,
plasma levels of IL-2, IL-4 and IL-6 were also measured with
commercial kits (Immunotech). Optical density was measured at
492 nm on an ELISA plate reader (Diagnostics Pasteur). Cyto-
kines levels were calculated from standard curves. All samples
were collected, treated and stored in exactly the same conditions.

Nuclear matrix protein ELISA

Plasma 41/7 NMP (Nuclear Matrix Protein) was measured with an
ELISA kit (Calbiochem, Meudon, France) according the manu-
facturer’s instructions.

Cortisol ELISA

Plasma cortisol was measured with the Bio-Mérieux cortisol
diagnostic kit (Bio-Mérieux, Craponne, France) according the
manufacturer’s instructions.

RNA extraction and RT-PCR analysis of cytokine, activation
markers and V3 mRNA

PBMC were separated from whole blood as described above.
mRNA was purified with a kit (Amersham-Pharmacia Biotech)
from total RNA extracted as described above. mRNA was then
amplified in a modified standard RT-PCR amplification pro-
cedure. The first-strand cDNA was synthesized as described using
oligo(dT),s primers (Boehringer); one tenth of this reaction
product was used as a template for PCR amplification. 8-actin
mRNA was used as a PCR control. Primers specific for cytokines,
activation markers and TCR Vg genes were prepared by Genset
(Paris, France). Primer sequences and annealing temperatures for
cytokines and activation markers are shown in Table 1.

Analysis of the T-cell antigen receptor repertoire

RNA extraction and cDNA construction were performed as
described above (see Cytokine and Activation Markers). PCR
analysis of the different VBs was based on a 5’-specific V3 primer
and a common 3’ constant-domain Cg primer as described [16].
Primer sequences for TCR Vg genes to 20 Vg gene sequences
encompassing 18 Vg subgroups were as reported previously [17],
namely Vg 1,2,3,4,51,52,6,7,8,9, 10, 11, 12, 13-1, 14, 15,
16, 18, 19 and, 20.
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Table 1 Primer sequences annealing temperatures and lengths of
fragments obtained during RT-PCR analysis.

T fragment

Genes Primers (5’ to 37) (°C) (bp)

Actine CAGGCACCAGGGCGTGAT 62 500
GCCAGCCAGGTCCAGACG

1L-2 TACAACTGGAGCATTTACTG 50 268
GTTTCAGATCCCTTTAGTTC

IL-4 GCCTCACAGAGCAGAAGACT 52 344
TCAGCTCGAACACTTTGAAT

IL-5 CTGATAGCCAATGAGACTCT 50 250
TATTATCCACTCGGTGTTCA

IL-10 TGCCT-GGTCCTCCTGACTGG 60 389
GCCTTGCTCTTGTTTCACA

IL-12 CGGATGCCCCTGGAGAAATG 60 727
CTCTTGCCCTGGACCTGAAC

IFNvy TGGAAAGAGGAGAGTGAC 60 224
ATTGCTTTGCGTTGGACA

CD28 TTTCCTGTACAGGCCAAGTCT 55 467
TTTGAGGGATCCCTCATTTGA

CTLA4 TTTCCGCCTATTTTCAGTTTA 55 484
AGCATTTTGGTTTTGTTTTTC

CD40 CTGCCACCAGCACAAATACTG 55 223
GGGTCCTCCTACCGTTTCTCT

CD40L CAAACTTCTCCCCGATCTGC 56 548
AATGGAGCTTGACTCGAAGC

Perf CTACAGTTTCCATGTGGTAC 50 600
TTATTGTCCCACACGGTGCT

Fas GGGATTGGAATTGAGGAAGAC 55 284
TTGGTGTTGCTGGTGAGTGTG

Fas-L GATGGAGGGGAAGATGATGAG 55 750
ATGCTGTGTTAGGAATGAAAT

CD4 TCCTTCCCACTCGCCTTTACA 58 500
AGCACCCACACCGCCTTCTCC

CD8 CCCACTTTGTAGCCCCATCAC 58 300

TCAGTCCTCCAGCACACTCTG

RESULTS

Kinetics of EBOV RNA during human asymptomatic infection

In samples taken on four occasions over a one-month period,
starting about one week after initial exposure to the virus, we
detected EBOV RNA in white blood cells by using a nested RT-
PCR assay. The virus signal was present for up to two weeks after
the last potential contact, i.e. three weeks after the initial contact,
in at least two subjects (Fig. 1). Although viral RNA in PBMC is
not an appropriate index of viral load, it is a reliable marker of
infected cells.

1gG subclass responses during human asymptomatic Ebola
infection

We have previously shown that EBOV-specific IgG starts to
emerge 3—4 weeks after initial exposure and reaches moderate
titres 1 month later. We thus evaluated EBOV-specific IgG
subclasses at the highest levels time-point. As no standard sera for
evaluation of EBOV-specific IgG subclasses was available, we
determined the ratio as OD obtained when plates were coated with
EBOV antigens over OD obtained when plates were coated with
Vero-E6 cell lysates (Table 2). This ratio was 1 for each subclass
in all negative endemic controls tested.

Asympt. 1

16 23

Days post infection

Fig. 1. Agarose gel electrophoresis of PCR DNA products from nested
RT-PCR during the course of infection in 3 asymptomatic individuals.
PBMC were collected from asymptomatic subjects 7, 9, 16 and 23 days
after initial exposure to a sick patient. To control for possible RNA or
DNA contamination, reactions without cDNA, and 10 negative controls
were run in parallel (not shown).

IgG4 was never found in samples from asymptomatic subjects.
IgG2 was detected in one subject and IgG1 in 3 subjects. The
highest IgG1 level was observed in the only subject who had
detected IgG2. IgG3 was found in 5/6 subjects. Again the highest
IgG3 level was detected in the subject with IgG2. These data
indicate that the humoral response is mainly IgG3/IgGl.
Maturation of the humoral response seems to correspond to the
emergence of IgG1 or IgG3 and after IgG2.

Inflammatory responses

We have previously shown that in subjects with asymptomatic
EBOV infection the highest value observed of inflammatory
responses was in the first sample studied that is around 7 days
after the initial exposure, and disappear completely 2—3 days later
[14]. In this previous study, levels of all pro-inflammatory
cytokines tested (IL-18, TNFa, IL-6, MCP and, MIP-1a/f3) fell
to normal within two to three days of their initial observation [14].
To understand this phenomenon, we assayed naturally circulating
antagonists and two potent anti-inflammatory mediators, I1L-10
and plasma cortisol (Fig. 2).

The IL-1 receptor antagonist (IL-1RA) and the two soluble
TNF receptors (sSTNFRI and sTNFRII) were found at moderate to
high concentrations (3—7 ng/ml IL-1RA wversus 1-6 ng/ml in 10
endemic controls; 1-3—2-6 ng/ml sTNFRI versus 1-8 ng/ml; 3-5—
7 ng/ml sTNFRII versus 5 ng/ml) 7 days after initial exposure.
Values fell two days later to normal endemic control levels,
simultaneously with the fall in pro-inflammatory cytokines.

High plasma IL-10 concentrations (100-200 pg/ml wversus
< 20 pg/ml in 10 endemic controls) and moderate plasma cortisol
concentrations (200—-400 ng/ml wversus 92 = 44 ng/ml in 10
endemic controls) were also found in these 7 asymptomatic
subjects, and ran parallel to levels of circulating antagonists
(Fig. 2).

Cytokine levels in plasma

No T-cell-derived cytokines (IL-2, IL-4, IL-5, IL-12 and, IFNvy)
were detected in the plasma of the 7 asymptomatic subjects at any
time.

T-cell responses (RT-PCR analysis)

We measured mRNA expression of various cytokines in PBMC
from three patients by means of RT-PCR. Cytokine mRNA
expression was normalized to B-actin mRNA. IL-2, IL-4 and
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Table 2 IgG subclass responses to EBOV antigens. Positive total serum
IgG from asymptomatic individuals (sampled 60 days after first exposure
to infection) were tested for EBOV-specific IgG1, IgG2, IgG3 and 1gG4 in
an ELISA method. Each value represents the optical density (OD) ratio
between sera reacted with EBOV antigens and with Vero-E6 cell lysates.
This ratio was 1 in the 10 endemic controls tested (not shown). The
absolute OD is shown in brackets

Patients IgG1 1gG2 1gG3 1gG4
A 1 1 2.11(0.97) 1
B 1 1 2.53 (1.05) 1
C 2.82 (0.48) 1 1 1
D 1 1 4.15 (1.37) 1
E 6(1.56) 3.68 (1.25) 3.7 (1.23) 1
F 2.5 (1.04) 1 2.80 (0.48) 1

IL-10 and IL-12 showed identical mRNA expression profiles,
peaking 9 days after initial exposure (i.e. at the end of the
inflammatory process), and falling below the detection limit
7 days later (Fig. 3). RNA expression of several T-cell activation
markers (CD28, CD40L and CTLA4) followed the same pattern
as that of the cytokines, confirming T cell activation (Fig. 3).
Cytokine and T cell activation markers mRNA was never detected
in PBMC from endemic controls (Fig. 3).

To further characterize the consequences of T-cell activation,
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cytotoxic markers known to be involved in antiviral responses
were studied in the same three asymptomatic individuals.
Expression of IFNy mRNA increased at the same time as the
other cytokines (i.e. 9 days after initial exposure), but only
declined in the final samples (more than 3 weeks after initial
exposure) (Fig. 4a). RNA expression of Fas, FasL and, to a lesser
extent, perforin followed a pattern identical to that of IFNvy,
showing sustained, enhanced expression over the 3-week period
after initial exposure (Fig. 4a) pointing to activation of cytotoxic
cells and suggesting apoptosis.

To confirm this, we measured human nuclear matrix protein
41/7 (NMP), which is selectively released during apoptosis in
vitro [18]. An increase in NMP was observed in plasma samples
of 5 asymptomatic individuals, coinciding with down-regulation
of cytotoxicity markers (Fig. 4b).

We then attempted to identify the cells involved in this
cytotoxicity by analysing CD4 and CD8 mRNA expression by
means of RT-PCR. In contrast to CD4, expression of CD8 mRNA
was markedly elevated throughout the study period; CD8 mRNA
levels started to fall at the last sampling time, again coinciding
with the peak of NMP and with down-regulation of Fas/FasL
mRNA expression (Fig. 4b).

VB repertoire during asymptomatic Ebola infection (RT-PCR
analysis)
We then analysed the expression of 20 TCR-Vf genes in PBMC
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Fig. 2. Anti-inflammatory response. Naturally circulating antagonists (IL-1RA, sTNFRI, sTNFRII in ng/ml), IL-10 (in pg/ml), and plasma
cortisol (in ng/ml) were measured as described in Methods. Individual values are shown 7, 9, 16 and 23 days following initial exposure to

the virus. Each asymptomatic individual is represented by a point.
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Fig. 3. T-cell responses. RNA expression of Thl and Th2 cytokines (IL-2 and IL-4) and, T-cell activation markers (CD28, CD40L and
CTLA4) was analysed as described in Methods. The results (ethidium bromide staining after electrophoresis on agarose gel) show the
kinetics of mRNA expression in three asymptomatic individuals, 7, 9, 15 and 23 following initial exposure, and in two endemic controls.
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Fig. 4. Cytotoxic responses. (a) RNA expression of cytotoxicity markers
(perforin, Fas, FasL, IFNy and CD8) was analysed as described in
Methods. The results (ethidium bromide staining after electrophoresis on
agarose gel) show the kinetics of mRNA expression in three asymptomatic
individuals, 7, 9, 15 and 23 following initial exposure, and in two endemic
controls (b) Plasma 41/7 levels (Units/ml) were measured with an ELISA
method. Each asymptomatic subject is represented by a point.
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during the course of asymptomatic Ebola infection in 3 indivi-
duals. Expression of all 20 TCR-V 3 mRNAs was up-regulated in
the 2 endemic controls tested (Fig. 5). By contrast, V312 mRNA
was only detected in one of the three asymptomatically infected
subjects, and only at the last sampling time. RNA expression of
the other TCR-V species ran roughly parallel to CD§ mRNA
expression, with sustained expression over the 3-week study
period, followed by terminal down-regulation.

DISCUSSION

In a previous study we demonstrated that humans could be
infected with Ebola virus without developing symptoms. These
asymptomatic individuals produced specific IgM and IgG, starting
between 2 and 3 weeks after initial exposure to infected body
materials and reaching only moderate levels one month later. We
also showed that they mounted a strong inflammatory response
early in the infectious process characterized by high levels of
IL-18, TNFa, IL-6, MCP, MIP-1a and MIP-18.

EBOV RNA was detectable in these subjects for up to
three weeks after initial exposure. We therefore examined the
cell-mediated response by ELISA testing of plasma and RT-
PCR analysis of peripheral blood mononuclear cells (PBMC). We
found that the inflammatory response coincided with anti-
inflammatory processes, characterized by moderate levels of
soluble antagonist (IL-1RA) and circulating TNF receptors
(STNFRI and sTNFRII), and high levels of potent anti-inflam-
matory mediators such as IL-10 and cortisol. The down-regulation
of inflammatory responses was followed by transient T-cell
activation for a few days, characterized by mRNA up-regulation
of T-cell cytokines (IL-2 and IL-4) and T-cell activation markers
(CD28, CD40L and CTLA4). This T-cell response was associated
with cytotoxic cell activation characterized by marked and
sustained up-regulation of IFN+vy, FasL and perforin mRNA
expression lasting for a further week. Disappearance of cytotoxic
marker mRNAs three weeks after initial exposure coincided with
the release of the apoptotic marker 41/7 NMP in plasma and the
disappearance of viral RNA, suggesting that cytotoxic cells may
clear infected cells from blood. This T-cell activation is probably

asympt. 3 C1C2
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Fig. 5. Analysis of the T-cell antigen receptor-V repertoire during asymptomatic Ebola infection by RT-PCR analysis. Agarose gel
electrophoresis of PCR products for various (n = 20) combinations of VB gene family specific and CB oligonucleotide primers. Results
show the kinetics of mRNA expression of six TCR-V species in three asymptomatic individuals, 7, 9, 15 and 23 days following initial

exposure, and in two endemic controls.
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involved in production of EBOV-specific IgG3 and IgGl
subclasses, which are thought to play a role in limiting EBOV
spread from ‘privileged sites’ such as semen.

Previously, we have shown that the inflammatory response in
asymptomatic individuals is rapidly down-regulated [14]. All pro-
inflammatory cytokines fell sharply to normal values within
2-3 days of their initial detection. Three factors may account for
this rapid resolution of inflammation. Firstly, the short-lives of
TNF, IL-18 and IL-6 may account in part for their rapid
disappearance. Secondly, the simultaneous occurrence of naturally
circulating antagonists such as the IL-1 receptor antagonist
(IL-1RA) and the two soluble TNF receptors (sTNFRI, 55 kD,
and sTNFRII, 75 kD) may participate in the down-regulation of
inflammatory responses. IL-1RA has been shown to inhibit the
inflammatory action of IL-18 by competitive binding to its
natural receptor [19-21], and soluble TNF receptors I and II bind
directly to TNF, thus participating in the neutralization and
clearance of TNF [22-24]. Thirdly, high levels of IL-10 and
cortisol, found in the plasma of asymptomatic individuals during
the early stages of the infectious process, may also participate in
dampening the inflammatory response. IL-10 [25-27] and cortisol
[28,29] have been shown to potently inhibit pro-inflammatory
cytokine and chemokine production by monocytes and to stimu-
late production of the soluble circulating inhibitors STNFRs and
IL-1RA [30,31]. These observations are similar to those made in
acute meningococcal infection, where high levels of pro-
inflammatory cytokines are modulated by early simultaneous
production of anti-inflammatory cytokines [32,33]. Similarly, pro-
inflammatory and anti-inflammatory cytokines are simultaneously
secreted during other forms of haemorrhagic fever. For instance,
elevated plasma levels of TNF, sTNFRI/Il and IL-10 are
detected simultaneously in patients with haemorrhagic fever with
renal syndrome [34]. High levels of IFN«, TNF, IL-6, IL-8 and
IL-10 are present at the same time in patients with Argentine
haemorrhagic fever [35]. Taken together, these observations
suggest that pro- and anti-inflammatory components form an
autoregulatory loop, in which IL-10 and cortisol down-regulate
pro-inflammatory cytokines and stimulate their antagonists, and
STNFRI/II and IL-1RA reduce the bioactivity of inflammatory
cytokines. Thus, the rapid down-regulation of inflammatory
responses in asymptomatic individuals presumably avoids
excessive fever and tissue damage

Viral RNA was still detectable for up to two weeks after the
down-regulation of the inflammatory response. We therefore
examined the cell-mediated immune response. Expression of
mRNA IL-2 and IL-4 was transiently increased around day nine
after initial exposure, i.e. simultaneously with the down-regulation
of the inflammatory process. Interestingly, this cytokine mRNA
expression was associated with concomitant mRNA up-regulation
of the CD28 and CD40L T cell activation markers. These data
indicate that T cells are activated and that a transient but effective
T cell-mediated response occurs in asymptomatic individuals.
This is further reinforced by the increase in mRNA expression of
CTLAA4, which is known to be enhanced on the T-cell surface in
the later stages of the T-cell activation cascade [36,37].

The consequences of T-cell activation were investigated by
measuring mRNA expression of cytotoxicity markers known to be
involved in antiviral responses. The marked and sustained
increase in mRNA expression of IFNvy, the cytotoxicity markers
Fas, FasL and, to a lesser extent, perforin indicated activation of
cytotoxic T cells. Both Fas and perforin are known to mediate

cytotoxic functions [38,39], and these two mechanisms of cell-
mediated cytotoxicity, one based on the secretion of lytic proteins
such as perforin, and the second involving cell-surface Fas/FasL
interactions, have been shown to play a major role in many viral
infections by directly killing infected cells [40]. It is well known
that both mechanisms induce apoptosis of target cells. To confirm
that programmed cell death occurred we measured human nuclear
matrix protein 41/7 NMP, which is selectively released during
apoptosis in vitro [18]. An increase in NMP was observed in the
plasma of 5 of the 7 asymptomatic subjects, and coincided with
the final down-regulation of cytotoxicity marker mRNA synthesis
and the disappearance of virus RNA from PBMC. In contrast to
CD4, expression of CD8 mRNA was markedly stimulated
throughout the study period compared with endemic control
subjects, and only decreased at the last time point, again
coinciding with the peak in NMP and the down-regulation of
Fas/FasL. mRNA expression. These data indicate that CD8 T cells
may be involved in cell-mediated cytotoxicity in this setting. As
monocytes have been shown to undergo apoptosis induced by both
perforin and Fas [41,42], and as monocytes are infected by
filoviruses, we suggest that these two cytotoxic pathways may
account for the elimination of EBOV-infected cells.

The second consequence of T-cell activation is the production
of EBOV-specific IgG, which was detectable 3 weeks after initial
exposure, i.e. a few days after T-cell activation. EBOV-specific
IgG was predominantly composed of IgG3 and, to a lesser extent,
IgGl. This IgG3/IgGl pattern is consistent with previous
investigations in which viral infections have been shown mainly
to induce antibodies restricted to the IgG1 and IgG3 subclasses
[43]. Viruses mainly induce T cell-dependent B cell responses. In
this context, IgG production by B lymphocytes requires both
interaction of B cell receptors with antigens and cognate inter-
action between B lymphocyte and activated T helper cells through
CD40-CD40 ligand interaction [44]. The CD40—-CDA40L inter-
action and polar secretion of cytokines finally induce B cell
proliferation [45], IgG production [46], and, later, isotype
switching [44,47]. Because of the late emergence of specific
IgG, the role of later humoral responses in limiting virus replica-
tion is unlikely but, given the neutralizing capacities of IgG1 and
IgG3 in most viral infections [48], these later humoral responses
may be involved in limiting Ebola virus from spread from
‘privileged sites’ such as semen where infectious virus has been
found in patients several months after the illness [49,50].

Finally, RT-PCR analysis of the T-cell receptor (TCR)-VS
repertoire in PBMC of patients who died showed a gradual
disappearance of all TCR-VB mRNA species [13]. By studying
the same TCR-V B by means of RT-PCR analysis in asymptomatic
individuals infected with very small amounts of EBOV, we sought
to determine whether the TCR-V B repertoire underwent particular
modifications during the course of the infection in these
individuals. The pattern of mRNA expression of all TCR-VS3
(except VB12) during the course of the infection globally ran
parallel to that of CD8 mRNA, with sustained expression for
3 weeks followed by terminal down-regulation, suggesting that
activated CD8 T cells are deleted by apoptosis. In contrast, mRNA
expression of TCR-V312 was never detected during the course of
the infection, confirming data obtained in fatal and non fatal cases
(Baize & Leroy, unpublished observation), and indicating either
an anergic state or deletion of this VB12 species. Because we
were unable to show whether VB12 mRNA expression was
markedly up-regulated in the initial stage of the infection, and
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because of the limitations of the RT-PCR technique, it is possible
that the specific disappearance of the mRNA signal was due to a
superantigen effect of EBOV or to random deletion or anergy of
one of the minor V3 species in the TCR-V 3 repertoire. In vitro
studies at the protein level are required. The onset of V312
mRNA synthesis in PBMC in one asymptomatic subject at the
latest time-point probably represents a return to normal immuno-
logical status, and the clearance of EBOV RNA from the
peripheral circulation.

In conclusion, we show that 7 individuals exposed to Ebola
virus during outbreaks in Gabon were infected by the virus but
never developed symptoms of acute disease nor antigenemia
detectable by antigen-capture ELISA. However, Ebola virus RNA
was present in the 3 individuals studied for up to 3 weeks
following exposure. Virus replication and disease onset were
apparently controlled by an inflammatory response, which was
subsequently down-regulated by an anti-inflammatory response.
Cytotoxic mechanisms appeared to be involved in the clearance of
virus-infected cells. Finally, the absence of TCR-V312 mRNA
expression, contrary to 19 other TCR-VS species during the
course of the infection, suggests preferential dysregulation of
T-lymphocyte subpopulations expressing the V312 gene; this
phenomenon requires further investigation to elucidate the
primary immune response to EBOV infection.
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